The six serine/threonine kinases in the p21-activated kinase (PAK) family are important regulators of cell adhesion, motility and survival. PAK6, which is overexpressed in prostate cancer, was recently reported to localize to cell-cell adhesions and to drive epithelial cell colony escape. Here we report that PAK6 targeting to cell-cell adhesions occurs through its N-terminus, requiring both its Cdc42/ Rac interactive binding (CRIB) domain and an adjacent polybasic region for maximal targeting efficiency. We find PAK6 localization to cell-cell adhesions is Cdc42-dependent, as Cdc42 knockdown inhibits PAK6 targeting to cell-cell adhesions. We further find the ability of PAK6 to drive epithelial cell colony escape requires kinase activity and is disrupted by mutations that perturb PAK6 cell-cell adhesion targeting. Finally, we demonstrate that all type II PAKs (PAK4, PAK5 and PAK6) target to cell-cell adhesions, albeit to differing extents, but PAK1 (a type I PAK) does not. Notably, the ability of a PAK isoform to drive epithelial colony escape correlates with its targeting to cell-cell adhesions. We conclude that PAKs have a broader role in the regulation of cell-cell adhesions than previously appreciated.
INTRODUCTION
The p21-activated kinases (PAKs) are a family of 6 serine/threonine kinases that have fundamental roles in cellular processes such as adhesion, motility and survival, as well as in cancer progression (Field and Manser, 2012; King et al., 2014) . PAKs are effector molecules of the small GTPases Cdc42 and Rac1, and thus participate in a variety of signaling pathways involved in cytoskeletal remodeling and cell adhesion dynamics. As such, all PAKs contain an N-terminal CRIB (Cdc42/Rac interactive binding) domain, capable of interacting with upstream GTPases, and a wellconserved C-terminal catalytic domain, shown to phosphorylate diverse downstream signaling molecules, such as β-catenin, LIM kinases, BAD, GEF-H1 (also known as ARHGEF2), pacsin and paxillin, with varying degrees of PAK isoform substrate specificity (Radu et al., 2014; Ha et al., 2015) .
Based on sequence homology, the PAK family is divided into two groups: type I PAKs (PAK1, PAK2, PAK3) and type II PAKs (PAK4, PAK5, PAK6) (Jaffer and Chernoff, 2002) , which differ in their modes of activation. GTPase binding to the CRIB domain of type I PAKs triggers release of active PAK monomers through dissociation of an inactive PAK dimer, in which the catalytic domain is inhibited by the autoinhibitory domain (AID) of its dimeric partner (Lei et al., 2000; Parrini et al., 2002; Rane and Minden, 2014) . By contrast, type II PAKs are constitutively autophosphorylated on the activation loop and are generally not believed to be activated by GTPase binding (Ha et al., 2012 (Ha et al., , 2015 . Cdc42 binding has instead been proposed to determine cellular localization of type II PAKs Callow et al., 2002) , although Cdc42 might also play a role in conformational activation of PAK4 (Baskaran et al., 2012) .
Amplification or overexpression of each of the type II PAK isoforms has been linked to cancer development. The overexpression of PAK4, which is typically ubiquitously expressed at low levels, has been linked to pancreatic, gastric, liver and ovarian cancers, among others (Callow et al., 2002; Rane and Minden, 2014) . PAK5 and PAK6 are more tissue-specific and less well-studied than PAK4. Both are predominantly expressed in the brain, and PAK6 is also normally found in the testes (Minden, 2012) . Overexpression of PAK5 has been linked to colon cancer (Wen et al., 2014) whereas overexpression of PAK6 has been linked to prostate cancer (Kaur et al., 2008) . How type II PAK isoforms contribute to cancer progression at the cellular level is still incompletely understood. Until recently, little was known about the basic cellular role of PAK6 other than its interaction with and phosphorylation of androgen receptor (Yang et al., 2001; Jaffer and Chernoff, 2002; Schrantz et al., 2004; Liu et al., 2013) . However, last year, PAK6 was shown to localize to cell-cell adhesions in DU145 prostate cancer cells (Fram et al., 2014) . The mechanism of targeting and its isoform specificity were not explored, but PAK6 was shown to promote the disassembly of cell-cell adhesions (Fram et al., 2014) , a crucial step in epithelial-to-mesenchymal transition, one of the hallmarks of cancer.
Here, we have mapped the regions of PAK6 necessary and sufficient for cell-cell adhesion targeting. We demonstrate that an intact Cdc42-binding domain is necessary for cell-cell adhesion targeting of PAK6 and that, consistent with this, knockdown of Cdc42 inhibits PAK6 localization at cell-cell adhesions. However, Cdc42 binding is not sufficient for cell-cell adhesion targeting and we find that a polybasic region, just N-terminal to the Cdc42-binding region, is also required. This polybasic region has previously been characterized as a membrane-binding domain in yeast PAK (Takahashi and Pryciak, 2007 ) and a nuclear localization signal in mammalian PAK4 (Li et al., 2012) . Notably, we demonstrate that disruption of cell-cell adhesion targeting impairs the ability of PAK6 to drive epithelial cell colony escape. We further find that PAK6 requires an active kinase domain in order to drive colony escape, and we propose that localization of an active kinase to cell-cell adhesions is a key step in disassembling the adhesions and permitting cell escape. Finally, we expand our study to demonstrate that different PAK isoforms target differentially to cellcell adhesions, and that this differential targeting correlates with the ability of PAKs to drive epithelial colony escape.
RESULTS

PAK6 targets to cell-cell adhesions
To investigate how PAK6 targets to cell-cell adhesions, we first confirmed that we could observe PAK6 at E-cadherin-rich cell-cell contacts as previously reported (Fram et al., 2014) . Using lentiviral infection, we generated stable DU145 prostate cancer cell lines expressing GFP or GFP-PAK6. DU145 prostate cancer cells were chosen because they are known to express endogenous PAK6 (Wen et al., 2009; Zhang et al., 2010) and because they have previously been used to investigate PAK6 localization (Fram et al., 2014) . Using these cells we found that GFP-PAK6 localizes to cell-cell adhesions as defined by E-cadherin and F-actin staining, whereas the control GFP construct does not (Fig. 1A) . Similar results were obtained using β-catenin or ZO-1 staining to mark cell-cell contacts (Fig. 1B,C) . We further validated that the GFP and GFP-PAK6 proteins were full-length and have the expected molecular weights (GFP, ∼27 kDa; GFP-PAK6, ∼102 kDa) by immunoblotting (Fig. 1D ). These data indicate that lentiviral delivery of GFPtagged PAK6 constructs into DU145 cells provides an effective system with which to investigate determinants of PAK6 subcellular localization.
To minimize potential competition between exogenous and endogenous PAK6, we next generated PAK6 knockdown cells. Following lentiviral delivery of shRNA constructs into DU145 cells, we observed a significant (∼90%) reduction in PAK6 protein expression by immunoblotting and confirmed that levels of vinculin and carbonyl reductase loading controls remained unchanged (Fig. 1E,F) . The only other type II PAK isoform expressed in DU145 cells, PAK4 , also remained unchanged upon PAK6 knockdown (Fig. 1E ). Fluorescence microscopy shows that the PAK6 knockdown cells retain their ability to form cell-cell adhesions, identified by F-actin, β-catenin or ZO-1 staining, and that GFP-PAK6 targets to cell-cell adhesions in these cells ( Fig. 1G-I) .
PAK6 localizes at cell-cell adhesions independent of catalytic activity through its N-terminus Whereas previous work has established PAK6 localizes to cell-cell adhesions (Fram et al., 2014) , it has not been determined how PAK6 is targeted to these sites. Given that PAK6 has been proposed to phosphorylate cell-cell adhesion components such as β-catenin (Fram et al., 2014) , we first used GFP-PAK6 point mutants ( Fig. 2A,B) to test whether PAK6 catalytic activity could affect its ability to localize to cell-cell adhesions. We found that kinase-dead PAK6 K436M (Schrantz et al., 2004) and hyperactive PAK6 P52L (Gao et al., 2013 ) both localize to cell-cell adhesions, as identified either by F-actin staining (Fig. 2C ) or β-catenin staining (Fig. 2D) . Two independent methods were used to quantify GFP localization to cell-cell adhesions (Fig. 2E,F) ; first, the percentage of GFPpositive cells exhibiting GFP localization in cell-cell contacts was scored manually (Fig. 2E) , and second, the percentage of GFP signal colocalizing with β-catenin staining was assessed by calculating the Manders' coefficient using the JACoP plugin on ImageJ (Bolte and Cordelieres, 2006) (Fig. 2F ). Together these data indicate that PAK6 localizes to cell-cell adhesions independent of catalytic activity.
To determine which region of PAK6 is important for targeting, we generated an N-terminal construct (N-term, residues 1-382) and a C-terminal construct containing the well-conserved PAK catalytic domain (Cat, residues 383-681). We confirmed all exogenous constructs were full-length and of the expected molecular weights by GFP immunoblotting ( Fig. 2A,B) . Whereas PAK6 Cat is diffuse throughout the cytoplasm and nucleus, PAK6 N-term targets to cell-cell adhesions at the same level as full-length PAK6, indicating that the ability of PAK6 to target to cell-cell adhesions is controlled by the N-terminus (Fig. 2C-F ).
PAK6 requires a functional CRIB motif to target to cell-cell adhesions Few protein domains or motifs are ascribed to the PAK6 N-terminus (residues 1-382) with the exceptions of a polybasic (PB) region (residues 3-9), a well-conserved CRIB motif (residues 12-25), and a pseudosubstrate region that inhibits catalytic activity (residues 48-56) (Ha et al., 2012; Gao et al., 2013; Wang et al., 2013) . Having found PAK6 cell-cell adhesion targeting is not kinase activity dependent, we focused our attention on the polybasic region and CRIB motif as potential requirements for targeting. We generated constructs lacking the polybasic region and/or the CRIB motif (ΔPB, ΔCRIB, ΔPB&CRIB) as well as a CRIB motif mutant, H20,23L (HH/LL), previously shown to prevent type II PAK binding to Cdc42 (Fig. 3A,B) (Ching et al., 2003; Menzel et al., 2007) . We found that the PAK6 CRIB motif is required for localization to cell-cell adhesions, given that constructs lacking the CRIB motif (ΔCRIB and ΔPB&CRIB) or with a mutated CRIB motif (HH/LL) are diffusely cytoplasmic and no longer target to cell-cell adhesions identified by F-actin or β-catenin staining (Fig. 3C,D) . Interestingly, the construct lacking the polybasic region (ΔPB) is significantly impaired in its ability to target to cell-cell adhesions, exhibiting only occasional weak targeting to these sites ( Fig. 3C-F ).
Cdc42 colocalizes with PAK6 at cell-cell adhesions
Given that the CRIB motif is required for PAK6 targeting to cell-cell adhesions, we thought it likely that a GTPase that interacts with this motif could contribute to PAK6 localization. Type II PAKs (PAK4, PAK5 and PAK6) have been shown to preferentially bind the GTPase Cdc42 as compared with Rac1 or RhoA Lee et al., 2002; Pandey et al., 2002) , thus making Cdc42 a potential recruitment candidate. We thus first examined whether Cdc42 localized to cell-cell adhesions. We generated mCherry-tagged Cdc42 and transiently transfected stable DU145 cell lines expressing GFP or GFP-PAK6. We found Cdc42 does indeed target to cell-cell adhesions whereas the control mCherry construct does not. Additionally, we found that GFP-PAK6 and mCherry-Cdc42 colocalize at cell-cell adhesions, further suggesting that Cdc42 is involved in PAK6 targeting (Fig. 4A) .
To investigate the temporal recruitment of Cdc42 and PAK6 to cell-cell adhesions, we transfected DU145 cells stably expressing mCherry-Cdc42 with GFP-PAK6. We cultured these cells overnight in the absence of Ca 2+ to disassemble cell-cell contacts and then assessed Cdc42 and PAK6 localization to reforming adhesions upon re-addition of Ca 2+ -containing medium. As shown in Fig. 4B , although mCherry-Cdc42 was evident in adhesions 10 min after Ca 2+ addition, PAK6 was only consistently observed at later time-points. These data are consistent with a model in which Cdc42 recruits PAK6 to adhesions.
We next confirmed that our GFP-PAK6 constructs bind Cdc42 in the expected CRIB-motif-dependent manner. We bacterially purified and produced GST and three GST-tagged Cdc42 proteins for pull-down assays: wild-type (WT), a nucleotide-binding defective mutant that should not interact with effector proteins (T17N), and an activated mutant that should constitutively interact with effector proteins (Q61L). As expected, GFP-PAK6 pulls down only with Cdc42 WT or Cdc42 Q61L, but not with Cdc42 T17N or GST alone (Fig. 4C) . Further, GFP and GFP-PAK6 proteins lacking a functional CRIB domain (ΔPB&CRIB, ΔCRIB and HH/LL) do not bind any of the GST-Cdc42 proteins or GST alone, validating the specificity of our assay. Notably, although PAK6 ΔPB is significantly impaired in its ability to target to cell-cell adhesions ( Fig. 3C-F) , it binds Cdc42 to the same level as wild-type PAK6 (Fig. 4C) , suggesting that Cdc42 binding is required but not sufficient for maximal cell-cell adhesion target efficiency. 
Cdc42 is required for localization of PAK6 to cell-cell contacts
Having found that PAK6 targeting to cell-cell adhesions is CRIB motif dependent and that Cdc42 colocalizes with PAK6 at cell-cell adhesions (Fig. 4A ), we asked whether Cdc42 is required for PAK6 targeting to these sites. Using lentiviral delivery of shRNA constructs, we established Cdc42 knockdown cell lines with two different hairpins, achieving ∼50% knockdown (shRNA #1) and ∼90% knockdown (shRNA #2) (Fig. 5A ,B). In Cdc42 knockdown cells grown on glass coverslips for 24 h, E-cadherin localizes much less efficiently to cell-cell contacts in shCdc42 #1 cells and barely at all in shCdc42 #2 cells as compared with parental and shSCR controls (Fig. 5C ). This indicates cell-cell junctions are fewer and/or have been perturbed following reduction in Cdc42 levels, as previously reported (Wallace et al., 2010) . In regions where cells are still in contact with each other, as delineated by F-actin staining, transiently transfected GFP-PAK6 targets much less efficiently in Cdc42 knockdown cells and in a manner that correlates with the degree of 
knockdown (Fig. 5B,D,E)
. This is consistent with a requirement of Cdc42 for PAK6 localization to cell-cell adhesions and is in keeping with the lack of cell-cell adhesion targeting of Cdc42-binding defective PAK6 mutants (Fig. 3C-F, Fig. 4C ).
PAK6 is not required for localization of Cdc42 to cell-cell adhesions
To confirm that PAK6 was not required for Cdc42 targeting to cellcell adhesions we transiently transfected PAK6 knockdown cells -containing medium was re-applied and coverslips were fixed at different time points following Ca 2+ re-addition and stained for β-catenin. Scale bars: 10 µm. (C) Pull-down of GFP-tagged proteins from stable cell line lysates by bacterially purified GST or GST-Cdc42 loaded on glutathione beads. Samples were immunoblotted for GFP (left) and a 5% input is shown. Bead loading was assessed by Ponceau staining (right).
( Fig. 1C,D) with mCherry-Cdc42 and mCherry. We found that mCherry-Cdc42 localizes to cell-cell adhesions in PAK6 knockdown cells, indicating that PAK6 is not required for localization of Cdc42 to cell-cell adhesions (Fig. 5F ), but rather Cdc42 is required for the recruitment of PAK6.
PAK6 1-48 is sufficient for targeting to cell-cell adhesions
Having established that Cdc42 and a functional CRIB motif are required for PAK6 targeting to cell-cell adhesions, we sought to determine the minimal fragment of PAK6 that is capable of targeting to cell-cell adhesions. We generated a series of N-terminal truncation constructs terminating at residues 136, the most similar region of the N-terminus among all type II PAK isoforms and variants; 48, up to the start of the pseudosubstrate region and including the full structurally defined Cdc42-binding portion of PAK6 [Protein Data Bank (PDB): 2ODB]; or 25, up to the end of the CRIB motif ( Fig. 6A-C) . Analysis of subcellular localization revealed that PAK6 1-382, 1-136 and 1-48 all localize at cell-cell adhesions, but PAK6 1-25 fails to target and is primarily nuclear ( Fig. 6D-G) . These data suggest that in addition to an intact CRIB motif, residues 25-48 contribute to cell-cell adhesion targeting. This is consistent with our conclusion that targeting to cell-cell contacts requires Cdc42 binding, as the region immediately Cterminal to the CRIB motif has been shown to be important for highaffinity Cdc42 binding to a range of Cdc42 effectors, including a variety of PAKs and WASP (also known as WAS) (Rudolph et al., 1998; Thompson et al., 1998; Su et al., 2005) . Furthermore, X-ray crystallography of the PAK6-Cdc42 complex (PDB: 2ODB) supports a role for residues 25-45 in Cdc42 interaction. In addition to Cdc42 binding, our analysis of full-length PAK6 mutants highlighted a role for the polybasic region in targeting PAK6 to cell-cell contacts (Fig. 3C-F) . We therefore tested whether removal of the polybasic region from residues 1-48 also impacts localization. As before, all constructs expressed proteins of the expected sizes as assessed by anti-GFP immunoblotting (GFP, ∼27 kDa; GFP-PAK6 1-382, ∼68 kDa; GFP-PAK6 1-136, ∼42 kDa; GFP-PAK6 1-48, ∼33 kDa; GFP-PAK6 10-48, ∼32 kDa; GFP-PAK6 1-25, ∼30 kDa) (Fig. 6C) . Indeed, removal of the polybasic region prevents targeting of PAK6 10-48 to cell-cell adhesions, indicating that of the constructs tested, PAK6 1-48 is the minimally sufficient fragment for cell-cell adhesion targeting (Fig. 6D-G) . In summary, our analysis of PAK6 mutants and fragments reveals a requirement for the Cdc42-binding extended CRIB domain and an N-terminal polybasic motif for localization at cell-cell adhesions.
PAK6 requires a functional CRIB motif and kinase activity to drive epithelial colony escape
In culture, DU145 cells predominantly grow in monolayer epithelial cell colonies. It has previously been shown that PAK6 expression is able to drive escape or extrusion from epithelial cell colonies, a process thought to be driven, at least in part, by disassembly of cellcell adhesions (Fram et al., 2014) . Having identified the necessary and sufficient regions of PAK6 required for targeting to cell-cell adhesions, we sought to determine whether the ability of PAK6 to target to cell-cell adhesions correlated with its ability to drive epithelial colony escape. To test this, we sparsely plated DU145 cells on glass coverslips and allowed them to form small colonies for 48 h. We then transiently transfected the cells with GFP-PAK6 constructs and fixed the cells 24 h later to assess whether expression of PAK6 drove epithelial colony escape. Using this approach, we confirmed that most cells expressing GFP remained firmly within epithelial colonies (Fig. 7A, left; Fig. 7B ), whereas there was a significant increase in the number of GFP-PAK6 expressing cells that were escaping from colonies or had already been extruded ( Fig. 7A, right; Fig. 7B ).
We next tested whether PAK6 mutants defective in targeting to cell-cell contacts could drive colony escape. We found that GFP-PAK6 constructs lacking the CRIB motif (ΔCRIB), or containing a mutated CRIB motif (HH/LL), are unable to drive epithelial colony escape above GFP levels, indicating that PAK6 requires a functional CRIB motif to drive colony escape (Fig. 7B) . We also tested PAK6 lacking the polybasic region (PAK6 ΔPB), which has significantly diminished cell-cell adhesion targeting (Fig. 3C,D) . Consistent with this, PAK6 ΔPB has a significantly inhibited ability to drive epithelial colony escape compared with wild-type PAK6 (Fig. 7B) . Thus, the ability of PAK6 to drive colony escape correlates with its ability to target to cell-cell adhesions.
It has recently been proposed that type II PAKs might phosphorylate cell-cell adhesion components such as β-catenin in order to disassemble cell-cell adhesions (Fram et et al., 2015). We thus asked whether PAK6 catalytic activity is required to drive colony escape. Though kinase-dead PAK6 (K436M) targets to cell-cell adhesions (Fig. 2B,C) , it is unable to drive colony escape (Fig. 7B) . Interestingly, hyperactive PAK6 (P52L), which targets well to cell-cell adhesions (Fig. 2C,D) , drives a greater percentage of cells to escape colonies than PAK6 wild-type (Fig. 7B) . Thus, PAK6 requires not only the ability to target to cell-cell adhesions but also catalytic activity to drive colony escape. This is further confirmed by tests of the PAK6 Nterminus (N-term, 1-382) or smaller N-terminal fragments (1-48 and 1-136), which, despite efficient targeting to cell-cell adhesions, lack catalytic activity and cannot drive colony escape (Fig. 7B) . Furthermore, the isolated catalytic domain (Cat), which retains kinase activity but cannot target to cell-cell adhesions, is also incapable of driving colony escape (Fig. 7B) . Thus, the ability of PAK6 to drive colony escape requires targeting of active kinase to cell-cell adhesions.
PAK isoforms target differentially to cell-cell adhesions
PAK6 is one of six serine/threonine kinases that belong to the PAK family (Ha et al., 2015) . In addition to a well-conserved C-terminal kinase domain, all PAK family kinases contain an N-terminal CRIB motif capable of binding Cdc42. To test whether other PAK isoforms could also target to cell-cell adhesions, we generated stable DU145 cell lines expressing PAK4 and PAK5, the other two type II PAKs most closely related to PAK6, and a representative type I PAK, PAK1. We found that all type II PAKs target to cell-cell adhesions, although to varying degrees. PAK5 and PAK6 target in ∼85% and 95% of cells, respectively, whereas PAK4 targets more weakly to cell-cell adhesions in ∼30% of cells (Fig. 8A,B) . We observed that PAK5 forms aggregates in DU145 cells and targets with less intensity to cell-cell adhesions, perhaps because PAK5 is not endogenous in DU145 cells. We did not observe PAK1 in cellcell adhesions, though PAK1 is present in focal adhesions ( Fig. 8A,  inset; Fig. 8B ), as previously reported for PAK1 (Brown et al., 2002; Field and Manser, 2012) .
PAK isoform differential targeting correlates with ability to drive epithelial colony escape
Having found that PAK6 targeting correlated with its ability to drive colony escape, we tested whether the differential targeting of PAK isoforms also correlates with their ability to drive colony escape. Indeed, as we had observed for PAK6, the better PAK isoforms targeted to cell-cell adhesions, the greater the degree of colony escape we observed (Fig. 8C ). Taken together, PAK ability to drive epithelial colony escape correlates with its ability to target to cellcell adhesions, which is dependent on Cdc42, and with its catalytic activity. 
DISCUSSION
The PAKs are a family of serine/threonine kinases with important roles in a variety of fundamental cell processes, including cell adhesion, motility and survival . It was previously reported that PAK6 localizes at cell-cell adhesions where it is proposed to phosphorylate β-catenin to promote dissociation of cell-cell junctions, a process crucial to basic cellular functioning as well as cancer progression (Fram et al., 2014) . However, prior to our current study, it was unknown how PAK6 targets to cell-cell adhesions, what protein(s) are required for recruitment to these sites, and if localization at cell-cell adhesions is indeed required to drive cell-cell dissociation. Further, it had not been explored whether other members of the PAK family could target to cell-cell adhesions and contribute to cell-cell dissociation.
Here, using a series of knockdown studies, fluorescence microscopy and biochemical analyses, we establish that PAK6 targets to cellcell adhesions through its N-terminus in a Cdc42-dependent manner, requiring both a functional CRIB motif and a polybasic region for maximal targeting efficiency, and that this targeting is required, in addition to kinase activity, to functionally drive epithelial cell colony escape. We further found that the other type II PAK isoforms, PAK4 and PAK5, also drive epithelial colony escape to varying extents that correlate with their ability to target to cell-cell adhesions. PAK6 has been reported to directly bind IQGAP1 (IQ motif containing GTPase activating protein 1) (Kaur et al., 2008; Fram et al., 2014) , which binds cell-cell junction proteins β-catenin and E-cadherin, among many other partners (Abel et al., 2015) . At first an attractive candidate for the recruitment of PAK6 to cell-cell adhesions, IQGAP1 binds the catalytic domain of PAK6 (Fram et al., 2014) , which we have found does not localize at cell-cell adhesions. Instead, we found that the N-terminus of PAK6 is necessary and sufficient for targeting to cell-cell adhesions, indicating that another direct binding partner must be involved in its recruitment. In keeping with this, we found that PAK6 constructs with altered catalytic activity (kinase-dead K436M, hyperactive P52L) but with intact N-termini still localize at cell-cell adhesions, indicating that PAK6 targeting to cell-cell adhesions is independent of catalytic activity. In agreement with our findings, the Xenopus type II PAK, PAK5 (also known as PAK7), targets to cell-cell junctions independent of catalytic activity (Faure et al., 2005) .
Through biochemical mapping and immunofluorescence studies, we show that a functional CRIB motif is required for PAK6 targeting to cell-cell adhesions and its ability to promote cell-cell dissociation as observed through epithelial cell colony escape assays. We found that PAK6 constructs lacking a CRIB motif, or with a mutated CRIB motif (HH/LL), do not localize at cell-cell adhesions, suggesting a requirement of GTPase binding for PAK6 localization to cell-cell adhesions. Type II PAKs, including PAK6, directly interact with small GTPases and have been shown to preferentially bind Cdc42 compared with other widely studied GTPases, Rac and RhoA Lee et al., 2002; Pandey et al., 2002) . Having found through fluorescence microscopy that Cdc42 and PAK6 colocalize at cell-cell adhesions, we thus identified Cdc42 as a candidate for PAK6 recruitment to cell-cell adhesions.
Our knockdown studies indicate that Cdc42 is required for PAK6 localization at cell-cell adhesions, and not vice versa. We found that Cdc42 knockdown cells are impaired in their ability to form cellcell adhesions, as previously reported by others (Wallace et al., 2010; Selamat et al., 2015) . Even still, these cells maintain some cell-cell contacts, as is delineated by F-actin staining, and PAK6 is significantly impaired in its ability to target to these regions. Interestingly, this is in keeping with a previous finding that the Drosophila type II PAK homolog, Mbt, requires Cdc42 for recruitment to adherens junctions and proper photoreceptor cell morphogenesis (Schneeberger and Raabe, 2003) . It is also important to note that Cdc42 targets to cell-cell adhesions in PAK6 knockdown cells, indicating, albeit unsurprisingly given the tissuespecific expression of PAK6 and ubiquitous nature of Cdc42, that Cdc42 is not dependent on PAK6 to localize at cell-cell adhesions. Further, in synchronized time-course studies of PAK6 and Cdc42 recruitment to cell-cell adhesions, we observe Cdc42 localizing to cell-cell adhesions prior to PAK6 accumulation, again in keeping with a model in which Cdc42 recruits PAK6 and not vice versa.
Though PAK6 requires Cdc42 to target to cell-cell adhesions, we found that the ability to interact with Cdc42 is not sufficient for maximal targeting efficiency. Though PAK6 lacking the polybasic region (ΔPB) still binds Cdc42 efficiently, it is significantly impaired in its ability to target to cell-cell adhesions. This is further corroborated by the observation PAK6 10-48 does not localize at cell-cell adhesions whereas its counterpart containing the PB region, PAK6 1-48, does. This indicates the polybasic region is involved in PAK6 localization at cell-cell adhesions, likely as a membrane-targeting or membrane-anchoring sequence, as has been observed for polybasic regions of other cytoplasmic adhesionrelated molecules, talin (Goult et al., 2010) and kindlin (Bouaouina et al., 2012) . This is further corroborated by reports that the polybasic regions of the yeast ortholog STE20 bind lipids (Takahashi and Pryciak, 2007) , which could potentially aid in kinase interactions with the membrane. The PAK4 polybasic region has previously been characterized as a nuclear localization signal (Li et al., 2012) , but in the context of cell-cell adhesion localization, we propose that the membrane-binding role is likely to be the most relevant.
In expanding our study to the other type II PAK isoforms, PAK4 and PAK5, and a representative type I PAK isoform, PAK1, we discovered that PAK isoforms exhibit differential targeting to cellcell adhesions. We found that PAK4, PAK5 and PAK6 all target to cell-cell adhesions to varying degrees, indicating cell-cell adhesion targeting is not unique to PAK6 among the PAK family, but is a characteristic of type II PAKs. This is in agreement with previously published work showing that type II PAKs from other species, Xenopus PAK5 and Drosophila Mbt, also target to cell-cell adhesions (Schneeberger and Raabe, 2003; Faure et al., 2005) . Further, while this manuscript was in preparation, a study was published confirming our observations that GFP-PAK4 localizes weakly to cell-cell adhesions (Selamat et al., 2015) . By contrast, although we observe the type I PAK isoform, PAK1, in focal adhesions as previously reported (Brown et al., 2002) , we do not observe PAK1 localized at cell-cell adhesions.
Given that all PAK isoforms can interact with Cdc42 but PAK1 does not localize to cell-cell adhesions, our isoform findings are in agreement with our PAK6 mapping studies that the ability to bind Cdc42 is not sufficient for targeting to cell-cell adhesions. Thus, there must be additional factors at play in determining type I versus type II PAK localization. We have already found that the polybasic region of PAK6 contributes to cell-cell adhesion targeting, and this region is well-conserved in PAK4 and PAK5 immediately adjacent to the CRIB motif (Fig. 6A) . Although a few basic residues are present N-terminal to the CRIB motif in PAK1, they are interrupted by positively charged glutamic acid residues, which might be enough to interrupt any cell-cell targeting functionality. PAK1 does contain a polybasic stretch further upstream, which has been reported to function as a nuclear localization signal (Singh et al., 2005) and to interact with membrane lipids to contribute to PAK1 activation and membrane recruitment (Strochlic et al., 2010) , but the presence of this sequence, at least in the context of GFP-tagged PAK1, does not appear to be sufficient for specific cell-cell adhesion targeting. It also remains a possibility that differences in the Cdc42-binding region of the PAK isoforms might contribute to differential targeting, even among type II isoforms, although the CRIB motif and many of the residues C-terminal to the motif shown to be important for Cdc42 binding are well-conserved (PDB: 2ODB) (Thompson et al., 1998) . What determines type I versus type II PAK localization thus remains an area for exploration and additional studies will be required to reveal why PAK1 fails to target to cell-cell contacts.
Taken together, we have demonstrated that the ability of PAK6 to target to cell-cell adhesions is correlated with its ability to promote cell-cell dissociation, and that this phenomenon is characteristic of all human type II PAKs. Given that it has been proposed that type II PAKs phosphorylate β-catenin (or its homologs) at cell-cell adhesions to drive disassembly (Menzel et al., 2008; Fram et al., 2014; Selamat et al., 2015) , the careful regulation of PAK targeting to and activation at cell-cell adhesions is likely important for the global regulation of cell-cell (dis)association. The proposed role for PAK6 in driving cell-cell contact disassembly and colony escape is, at first glance, apparently at odds with our demonstration of PAK6 recruitment at cell-cell contacts. We propose that this is explained by the kinetics of the process and suggest that Cdc42-mediated PAK6 recruitment to cell-cell contacts is an early step leading to phosphorylation of PAK6 substrates at adhesions and subsequent adhesion disassociation. Consistent with this model, our studies confirm that Cdc42 recruitment to cell-cell contacts precedes PAK6 recruitment, that Cdc42 is important for recruitment, and that the kinase-inactive mutant GFP-PAK6 K436M targets to cell-cell contacts but does not drive colony escape. Furthermore, PAK6 Cat, which is hyperactive in the absence of the regulatory N-terminus but is not locally concentrated at cell-cell adhesions, does not drive epithelial cell colony escape. It is possible that the active kinase is targeted to the membrane to phosphorylate cell-cell adhesion components and drive adhesion disassembly, or that the kinase is targeted to and then activated at the membrane and/or cell-cell adhesions. Given that PAK6 targets to cell-cell adhesions independent of catalytic activity, and that PAK6 readily accumulates at cell-cell adhesions before their disassembly, the latter possibility seems more likely. Indeed, as noted earlier, the polybasic membrane-targeting site of PAK1 has been reported to contribute to PAK1 activation (Strochlic et al., 2010) and the same might be true for type II PAKs. Additional studies will be required to identify potential membrane-associated local activators of type II PAKs, an area already of growing interest given their unique activation mechanisms (Baskaran et al., 2012; Ha et al., 2012) .
MATERIALS AND METHODS
Antibodies
Primary antibodies against E-cadherin (mouse monoclonal DECMA-1, ab11512, Abcam), GFP (goat polyclonal 600-101-215, Rockland), PAK6 (AF4265, R&D Systems), vinculin (mouse monoclonal hVIN-1, Sigma), carbonyl reductase (rabbit polyclonal C-18, Santa Cruz), Cdc42 (2462, Cell Signaling Technology), β-catenin (D10A8, Cell Signaling Technology), ZO-1 (1A12, ThermoFisher Scientific) and β-tubulin (mouse monoclonal 2 28 33, Life Technologies) were purchased. A polyclonal antibody raised against PAK4 was kindly provided by Joseph Schlessinger (Yale University). IRDye-800-conjugated donkey anti-mouse (C31024-04, Li-Cor), LiCor IRDye-680 donkey anti-rabbit (C30724-04) and Alexa-Fluor-568-conjugated goat anti-mouse IgG (84E2-1, Invitrogen) secondary antibodies were purchased, and used at 1:2000 dilution for immunoblotting and at 1:500 dilution for immunofluorescence.
DNA constructs
Human PAK constructs were generated in pEGFP by PCR amplification from pCMV6M PAK1 (Uniprot Q13153) kindly provided by Pradeep Uchil (Yale University) and pLX304 PAK4 isoform 1 (Uniprot O96013-1), PAK5 (Uniprot Q9P286) and PAK6 (Uniprot Q9NQU5) constructs kindly provided by Michael Calderwood (Dana-Farber Cancer Institute). Mutations and deletions were introduced by QuikChange (Agilent Technologies) mutagenesis or PCR amplification and subcloning into pEGFP (Takara Bio Inc.) or pLENTI-CMV-Hygro-GFP (Draheim et al., 2015) vectors. Cdc42 DNA was kindly provided by Brian Rosenberg (Yale University) and subcloned into pmCherry (in-house vector derived from pEGFP). Human Cdc42 (UniProt ID: P60953) cDNA (Open Biosystems) encoding residues 1-177 was sub-cloned into modified pET28a vector with an N-terminal 6×His and GST tag. Cdc42 mutations were made by QuikChange mutagenesis.
Cell culture and transfection DU145 prostate cancer cells were kindly provided by Raymond Baumann (Yale University) and HEK-293T cells were obtained from ATCC. Cells were grown in Dulbecco's modified essential medium (DMEM) (Life Technologies) containing 9% fetal bovine serum (FBS) (Life Technologies) and penicillin/streptomycin (Life Technologies) in a humidified atmosphere at 37°C with 5% CO 2 . Cells were transfected using PEI (Linear Polyethylenimine, Polysciences, Inc.). All lines were confirmed to be mycoplasma free by testing with MycoAlert Plus (Lonza).
Lentiviral knockdown and overexpression
Lentiviral shRNA pLKO constructs were obtained from a TRC shRNA library (Sigma) targeting PAK6 (TRCN0000196314), Cdc42 #1 (TRCN0000047632), Cdc42 #2 (TRCN0000310772) as well as a scrambled control (SHC002). Viral production occurred in HEK293-T cells following co-transfection with pLKO (knockdown) or pLENTI (overexpression) constructs, pCMV ΔR8.91 packaging vector, and pCMV-VSV-G envelope vector ( provided by Soosan Ghazezadeh, SUNY, Stony Brook, NY). Viral supernatant was collected 48 h after transfection, passed through a 0.45 µm filter, and incubated overnight with adherent DU145 cells with 8 µg/ml polybrene (Sigma). Infected cells were selected with puromycin (2 µg/ml, pLKO) or hygromycin (500 µg/ml, pLENTI) 24 h after infection to generate stable lines.
For validation by immunoblotting, knockdown cells were lysed in RIPA buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) with protease inhibitor tablets (Roche). Protein content was measured by BCA Assay (Thermo Scientific) and 100-150 µg of protein was mixed with sample buffer and loaded per well. Overexpression cells were lysed directly in sample buffer (5.0×10 5 cells per well) or in cell lysis buffer (10 mM PIPES pH 6.8, 50 mM NaCl, 150 mM sucrose, 1 mM Na 3 VO 4 , 50 mM NaF, 40 mM NaPPi, 0.05% Triton X-100, 0.1 mM PMSF) with protease inhibitor tablets (Roche). Samples were run on polyacrylamide gels and transferred to 0.2 µm nitrocellulose or PVDF membranes at 100 V for 2 h on ice. Membranes were blocked with 5% milk in Tris-buffered saline with Tween 20 (TBS-T) for 15-30 min at room temperature. Primary and secondary antibodies were diluted in 5% milk in TBS-T and incubated with membranes for at least 30 min up to overnight. Anti-PAK6 antibodies were used at 1:200 dilution, anti-GFP and anti-carbonyl-reductase antibodies at 1:1000, anti-tubulin antibody at 1:5000 and anti-vinculin antibodies at 1:10000. Membranes were rinsed in TBS-T prior to image acquisition using the Odyssey infrared imaging system (LI-COR) and image analysis with Image Studio (LI-COR).
Immunofluorescence and scoring of cell-cell adhesion targeting DU145 cells were seeded on glass coverslips in 24-well dishes in complete medium (DMEM, 9% FBS, 1% pen/strep) and fixed with 4% paraformaldehyde containing 0.1% Triton X-100 in PBS for 15 min at room temperature. Coverslips were washed 3 times with 300 µl PBS and then incubated for 30 min with 300 µl blocking buffer (0.2% bovine serum albumin, 0.1% Triton X-100, 50 mM ammonium chloride in PBS). Primary and secondary antibodies were diluted in blocking buffer and incubated with coverslips in a humidity chamber for 1 h at room temperature (37°C for anti-β-catenin antibody). Anti-E-cadherin, anti-ZO-1 and anti-β-catenin antibodies were used at 1:100 dilution, and anti-Cdc42 antibodies at 1:500 dilution. Cells were mounted in FluorSave Reagent (EMD Millipore) containing DAPI and/or fluorophore-conjugated phalloidin (Invitrogen). Images were captured using a Nikon T1 microscope with a 40× or 100× immersion oil objective and analyzed using ImageJ (NIH).
The percentage of GFP-positive cells exhibiting cell-cell adhesion targeting was scored in at least three independent experiments for each construct with at least 40 cells per experiment. Only well-spread cells exhibiting low-to-moderate green fluorescence were scored. Student's t-test was performed using GraphPad Prism.
The fraction of GFP signal colocalizing with β-catenin staining was measured by calculating the Manders' coefficient using JACoP (Just Another Colocalization Plugin) in ImageJ. Prior to analysis, the threshold of β-catenin staining was determined using the RenyiEntropy setting in JACoP. Threshold of GFP-PAK6 was determined manually to incorporate all GFP signals. The Manders' coefficient was calculated and the fraction of GFP signal overlapping with β-catenin stain was recorded for at least 10 independent, non-overlapping frames for each condition.
Ca
2+ switch assay DU145 cells stably expressing mCherry-Cdc42 were generated by infection with retrovirus encoding mCherry-Cdc42 (gift from Brian Rosenberg, Yale University), and were seeded on glass coverslips and transfected with GFP-PAK6 in growth medium. 24 h post transfection, growth medium was replaced with Ca
2+
-free medium and cells incubated overnight at 37°C. Ca 2+ -containing growth medium was then re-introduced to the cells. Coverslips were fixed at various time points post Ca 2+ addition and imaged by fluorescence microscopy.
Protein production and purification 6×His-GST, 6×His-GST-Cdc42 T17N (loss-of-function), 6×His-GSTCdc42 WT (wild-type), and 6×His-GST-Cdc42 Q61L (gain-of-function) proteins were produced and purified in BL21 E. coli. Upon reaching OD 600 =0.6, cultures were induced with 1 mM IPTG and grown for 3 h at 37°C. To prepare GST-Cdc42 beads, bacterial pellets from 250 ml of culture were lysed in 35 ml of PBS with 1 mM DTT, 1% Triton X-100, 1.2 µg/ml lysozyme, and protease inhibitor tablets (Roche), and subsequently sonicated on ice. Lysates were clarified, added to 250 µl of 80% slurry glutathione-sepharose 4B beads (GE Healthcare), and incubated while rolling for 2 h at 4°C. Beads were washed twice in PBS with 1 mM DTT, twice in PBS, and resuspended to a 50% slurry in PBS. Bead loading was quantified by Coomassie staining on a polyacrylamide gel alongside BSA standards.
Cdc42 binding assay
DU145 cells stably expressing GFP-tagged PAK constructs were lysed in cell lysis buffer (5 mM PIPES pH 6.8, 0.5 mM Na 3 VO 4 , 25 mM NaF, 20 mM NaPPi, 25 mM NaCl, 75 mM sucrose, 0.05% Triton X-100, 100 µM PMSF, 0.1% deoxycholate) with protease inhibitor tablets (Roche) per confluent plate. The lysates were clarified and balanced with parental lysate to achieve similar inputs among cell lines. Lysate was applied to 5 µg of GST or GST-Cdc42 proteins on glutathione-sepharose beads (as described above) in Buffer X-T (5 mM Pipes pH 6.8, 0.5 mM Na 3 VO 4 , 25 mM NaF, 20 mM NaPPi, 25 mM NaCl, 75 mM sucrose, 0.05% Triton X-100). Beads and lysate were rocked for 1 h at 4°C then washed three times in 750 µl Buffer X-T. Samples were run on polyacrylamide gels, transferred to nitrocellulose and immunoblotted for GFP in the presence of 5% input controls.
Epithelial colony escape assay DU145 cells were seeded on glass coverslips in 6-well dishes (1.0×10 5 cells/well) and allowed to form small colonies (∼5-10 cells) for 48 h. Cells were then transiently transfected with the indicated pEGFP constructs using PEI. Twenty-four hours after transfection, cells were fixed with 4% paraformaldehyde and stained with phalloidin and imaged as previously described in this section. Escaping cells were scored and defined as cells with greater than half of the cell periphery no longer in contact with neighboring cells, as previously published (Fram et al., 2014) . At least 50 cells were scored per experiment in at least three independent experiments. Student's t-test was performed using GraphPad Prism.
